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SUMMARY 
Research has continued on the vapor growth of Gal?, Inl-xGaxP, and Gal ,xA1f is  
a l l o y  layers .  
doping with G e  acceptor  impur i t ies ,  but  r ep roduc ib i l i t y  i s  a problem. Experi- 
ments designed t o  reduce the  inherent  donor concentrat ion i n  the  GaN t o  improve 
the  p-doping r ep roduc ib i l i t y  were not  successful .  However, as a r e s u l t  of these 
experiments the e l e c t r o n i c  mobil i ty  was  increased t o  150 cm2/v-sec, which is 
the h ighes t  value y e t  observed. Rapid d i f f u s i o n  of Zn from the p-type Inl-xGaxP 
a l l o y  p-n junc t ion  l aye r  i n t o  the  G a A s  s u b s t r a t e  was e l iminated by reducing the 
p- and n-type doping concentrat ions.  AS a r e s u l t ,  Inl-xGaxP electroluminescent  
diodes containing 40 and 88% GaP were prepared t h a t  emit ted a t  7300 R and 5700 R ,  
respect ively.  
of In.2Ga.gP a l l o y  samples is  r e l a t i v e l y  i n s e n s i t i v e  t o  the  temperature of the 
G a  and I n  sources and to  the  phosphine f low rate which ind ica t e s  t h a t  cont ro l  
of a l l o y  composition is  bes t  achieved by con t ro l l i ng  the  r e l a t i v e  flows of HC1 
over the  I n  and G a  sources.  E f f o r t s  t o  improve the  r ep roduc ib i l i t y  of high 
A l A s  content  Gal -&+ a l loysby varying gas flow rates, s u b s t r a t e  and source 
temperatures, and source s i z e  w e r e  no t  successfu l ,  but  a n  improved understand- 
ing of the  e f f e c t s  of these va r i ab le s  on the  a l l o y  growth w a s  achieved. 
Severa l  p-type conducting l aye r s  of GaN have been achieved by 
An inves t iga t ion  of process va r i ab le s  showed t h a t  t he  composition 
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I. INTRODUCTION 
The major emphasis of the  research  during the previous two qua r t e r s  has 
been on the  prepara t ion  and cha rac t e r i za t ion  of GaN, Inl-+axP, and Gal ,#lXAs 
a l l o y  layers .  
I n i t i a l l y  G a N  could be prepared only as a p o l y c r y s t a l l i n e  layer .  
a ca re fu l  inves tiga t i o n  of the growth parameters, expec ia l ly  the  gas p u r i t y  
and growth temperatures, l ed  t o  the  prepara t ion  f o r  the f i r s t  t i m e  of high 
q u a l i t y  s i n g l e - c r y s t a l l i n e  GaN l aye r s  on sapphire  s u b s t r a t e s .  Next, doping 
of the  G a N  l aye r s  during vapor growth with p o t e n t i a l  acceptor  impur i t ies  t o  
achieve conducting p-type materials w a s  inves t iga ted  i n  a n t i c i p a t i o n  of p r e -  
par ing p-n junc t ion  s t ruc tu res .  However, only highly conducting n-type o r  
high r e s i s t i v i t y  p-type layers  w e r e  obtained, although some promising r e s u l t s  
with Si-doping appeared. 
However, 
I n  the case of Inl-xGag a l loys ,  problems were encountered i n  the pre-  
Progress  pa ra t ion  of a wide range of a l l o y  compositions and p-n junct ions.  
w a s  made i n  the f i r s t  area by sys temat ica l ly  studying the  var ious experimental 
condi t ions used and i n  the  second area by growing p-type a l l o y  layers  on a 
p-type G a A s  subs t r a t e ,  followed by the  growth of the  a l l o y  n-layer.  Problems 
of c r y s t a l l i n i t y  and contamination i n  the growth of Gal -xA1&s a l l o y  l aye r s  
i n  the usual qua r t z  growth tube appeared t o  be assoc ia ted  with a t t a c k  of the  
quar tz  by aluminum compounds. Coating the in s ide  of the tube with carbon 
reduced the  a t t ack ,  and reducing hydrogen c a r r i e r  flow rates promoted the  
growth of s i n g l e - c r y s t a l l i n e  layers .  However, r ep roduc ib i l i t y  of a l l o y  
composition and homogeneity continued t o  be a problem. 
During the p re sen t  quar te r ,  emphasis on the prepara t ion  and charac te r -  
i z a t i o n  of GaN, Inl-xGa$, and Gal-&l,As a l l o y s  has continued and good 
progress  has  been made. The d e t a i l s  of t h i s  research  are described i n  
the following sec t ions .  
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11. TECHNICAL DISCUSSION 
A. Growth of G a N  and InlmxGaxN Alloys 
I n  In te r im Technical Report No. 2, w e  reported t h a t  we had been a b l e  to  
prepare l a rge  area, co lo r l e s s ,  s i n g l e - c r y s t a l l i n e  layers  of G a N  on sapphire.  
However e f f o r t s  t o  dope G a N  with the  p o t e n t i a l  acceptor  impur i t ies  Zn, Hg, 
Mg, and S i  did not  provide uniformly doped conducting p-type material. A s  
a r e s u l t  the  work t h i s  qua r t e r  has included doping experiments wi th  the  
add i t iona l  p o t e n t i a l  acceptor  impur i t i e s  Sn and Ge.  Also the  growth of 
undoped l aye r s  of Inl,xGa,Nalloys has been i n i t i a t e d .  
I n  the  case of Sn-doping, only highly conducting n-type l aye r s  have been 
obtained. However with Ge-doping two p-type laye  wi th  r e s i s t i v i t i e s  of 0.01 
and 0.94 ohm-cm f o r  hole  concentrat ions of 6 x 10" and 6 x 1018 ~ m ' ~ ,  respec- 
t i ve ly ,  were achieved as shown i n  Table I. This r e s u l t  is  encouraging s ince  
i t  demonstrates t ha t  a fundamental mechanism does no t  exist  which prevents  
amphoteric doping of t h i s  compound. However, a t  present  t h i s  r e s u l t  i s  
d i f f i c u l t  t o  reproduce, as evidenced by the  two n-type samples i n  Table I, 
and the  l aye r s  are s t i l l  non-uniform with some areas of the sample being 
n-type. This is probably r e l a t e d  t o  e ve y high inherent  donor concen- 
t r a t i o n  typ ica l ly  g r e a t e r  than 1 x 10" cm-5, t h a t  must be compensated before  
a p-type sample with a high n e t  acceptor  concentrat ion can be a t t a i n e d .  
It i s  poss ib l e  t h a t  t h i s  high donor concentrat ion arises from a high con- 
centrati0.n of n i t rogen  vacancies.  Therefore, s eve ra l  approaches have been 
inves t iga t ed  f o r  reducingthe  n e t  donor concentrat ion i n  G a N  by suppressing the 
n i t rogen  vacancy concentrat ion i n  order  t o  provide e f f e c t i v e  p-type doping of 
t h i s  material. Two samples w e r e  annealed i n  an  autoclave under ammonia p res -  
su re s  of 3 and 7 atmospheres a t  800 and 9OO"C, respec t ive ly ,  f o r  18 hours. 
However, i n  each case the  specimen decomposed, probably because excessive 
ammonia decomposition occurs a t  these temperatures. The decomposition pro- 
ducts  of ammonia,nitrogen and hydrogen,are not  e f f e c t i v e  i n  preventing G a N  
decomposition. 
as low as 775°C ins t ead  of the usual  850°C. However, the  n e t  donor con- 
cen t r a t ion  w a s  no t  reduced i n  these  growths, and w a s  sometimes s l i g h t l y  
higher  than the  usual  values .  
with G e  d id  not  produce homogeneous p-type material. 
- t h e  ammonia w a s  introduced i n t o  the  r e a c t i o n  tube i n  c lose  proximity t o  the  
depos i t ion  zone t o  prevent  premature decomposition of the  ammonia. 
t h i s  change doubled the  growth rates and r e s u l t e d  i n  higher  mobi l i ty  values  
'(150 cm2/v-sec), i t  d id  not  e f f e c t  lower donor concentrat ions.  
I n  another  set of experiments, GaN w a s  grown a t  temperatures 
I n  addi t ion ,  a t t e m p t s  t o  dope these l aye r s  
I n  a t h i r d  experiment, 
Although 
I n  order  t o  b e t t e r  cha rac t e r i ze  the  de fec t  s t r u c t u r e  of these  G a N  l aye r s  
and i n  p a r t i c u l a r  t o  see i f  experimental  evidence exists f o r  high vacancy con- 
cent ra t ions ,  a s tudy is now being i n i t i a t e d  t o  examine these  c r y s t a l s  by t rans-  
mission e l e c t r o n  microscopy. 
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Measurements of the o p t i c a l  p roper t ies  of GaN have recent ly  been r e f ined  
and now place the bandgap and r e f l e c t i v i t y  respec t ive ly  a t  3.39 e V  and, 18% over 
the range 4000 - 6000 8. 
6.3 101~ 
1.0 x 10 
6.0 x 10 
1.9 x 10 
18 
3.5 x 10 l9 
5.1 x 10 
Table I 
E l e c t r i c a l  Proper t ies  of Some Representative GaN Samples 
.010 
.005 
.940 
.0026 
.0011 
.0010 
t 
Sample 
3*31*69:M 
4.8-69 :M2 
4.9- 69:M 
4-  21.69:M 
5.19.69:M 
5.26- 69:M 
Dopant Type 
Carriers P t-l 
cm-3 ohm-cm cm2/v-, 
9 
104 
1 
126 
150 
123 
I n  ,,GaxN a l loys  have never been prepared before and i t  is  poss ib le  t h a t  
such a l loys  with a bandgap smaller than G a N  can be more e a s i l y  doped with acceptor 
impur i t ies  than can pure GaN. 
tube similar t o  t h a t  used f o r  the preparat ion of Inl,xGaxP is  being used. The 
growth of a clear, s ing le -c rys t a l l i ne  G a N  l aye r  has  demonstrated proper opera- 
t i o n  of t h i s  new tube, and e f f o r t s  t o  prepare Inl,xGaxN w i l l  now begin. 
For the  growth of the Inl-xGa,N a l loys ,  a growth- 
B. Growth of Inl-xGaxP Alloys 
Work has continued on the growth of Inl-xGaxP a l l o y s  f o r  p o t e n t i a l  app l i -  
ca t ion  as an  e f f i c i e n t  v i s i b l e  e lectroluminescent  source. During t h i s  qua r t e r  
work has been d i r ec t ed  toward optimizing the  doping l eve l s  i n  the  n- and p-type 
layers  and on inves t iga t ing  the e f f e c t  of process va r i ab le s  on the a l l o y  com- 
p o s i t  ion. 
The previously reported problem of r ap id  d i f fus ion  of Zn from the p-type 
Inl-xGaxP a l l o y  l aye r  through the  a l l o y  n-type l aye r  and then i n t o  the  GaAs 
subs t r a t e ,  which resu l t s  i n  diodes emit t ing inf ra - red  r a t h e r  than v i s i b l e  
l i g h t ,  has b e f i  co ty l e t e ly  eliminated by reducing the  dopant concentrat ions 17 to p - 5 x 10 cm and n - 5 x 10 . Using these doping Concentrations, 
4 
Inl-xGaxP a l l o y  p-n junc t ion  s t r u c t u r e s  w e r e  prepared on n-type GaAs subs t r a t e s ,  
and emission a t  7300 
s t e p  f o r  s t r u c t u r e s  containing 40 and 88% Gap, respec t ive ly .  I n  addi t ion ,  f o r  
the  latter a l loy ,  uniform emission over the  e n t i r e  su r face  of the diode w a s  
achieved f o r  the  f i r s t  t i m e .  
and 5700 A was observed without a s p e c i a l  hea t  treatment 
-6 Ty i c a l l y  the  diode e f f i c i e n c i e s  have been low, i .e.  about 10 a t  300°K 
and 10 a t  77OK, and these low quantum e f f i c i e n c i e s  may be r e l a t e d  t o  metal- 
l u r g i c a l  imperfections.  I n  f ac t ,  the  rap id  d i f fus ion  of Zn observed a t  high 
Zn concentrat ions is undoubtedly r e l a t e d  t o  a high dens i ty  of defec ts ,  p a r t i -  
c u l a r l y  d is loca t ions .  Indeed, transmission e l e c t r o n  microscopic examinati  n 
of s eve ra l  a l l o y  l aye r s  has shown a high dens i ty  of d i s loca t ions  (>lo7 cm ) 
and a well-developed subgrain s t ruc tu re .  This high d i s l o c a t i o n  dens i ty  could 
r e s u l t  from e i t h e r  la t t ice  mismatch, thermal expansion mismatch, o r  both. 
While i t  would be poss ib le  t o  minimize the  l a t t i c e  cons tan t  mismatch by grow- 
ing a l l o y s  having compositions near I n  43Ga 57P on G a A s ,  the  thermal expan- 
s i o n  mismatch would s t i l l  be f a i r l y  l a ige .  'The bes t  procedure would be t o  
grow these a l l o y s  on e i t h e r  InP o r  GaP and then grade the composition of 
the  material from t h a t  of the  s u b s t r a t e  t o  the f i n a l  a l l o y  composition. 
To accommodate t h i s  process,  s ince  bulk s i n g l e - c r y s t a l l i n e  InP o r  Gap are 
not  cu r ren t ly  ava i lab le ,  an  RCA supported program t o  p u l l  these  c r y s t a l s  from 
the  m e l t  using an  oxick-encapsulated Gzochealski technique is  i n  progress.  
Un t i l  these  c r y s t a l s  are ava i l ab le ,  s t u d i e s  w i l l  continue of the  vapor growth 
condi t ions i n  order  to  ob ta in  f u l l  cont ro l  of the  composition and uniformity 
of these materials. I n  t h i s  regard,  the e f f e c t s  of source temperature  and 
gas phase composition on the a l l o y  composition have been inves t iga ted .  
-1: 
-9 
The s tandard  condi t ions used f o r t h e  growth of I n  
The e f f e c t s  on 
the composition of v a r i a t i o n s  of the gal l ium temperature, the  indium tempera- 
ture ,  and the  phosphine flow rate are given i n  Tables 111, I V ,  and V, respec- 
t i ve ly .  
the composition. I n  f a c t ,  the  composition i s  q u i t e  reproducible  f o r  s i m i l a r l y  
prepared samples e.g. a gal l ium temperature of 850°C (79.3% Gap), and indium 
temperature of 980°C (82-86% Gap), and a pure phosphine flow rate of 60 m l / m i t i  
(83.3% Gap). Previously i t  had been found t h a t  the  phosphorus p a r t i a l  p re s -  
su re  played a s i g n i f i c a n t  r o l e  i n  determining the  composition f o r  InP-r ich 
a l l o y s  but  the p re sen t  r e s u l t s  demonstrate t h a t ,  t h i s  is  no t  t he  case f o r  
Gap-rich a l loys .  The r e s u l t s ,  t o  date ,  i nd ica t e  t h a t  cont ro l  of a l l o y  com- 
pos i t i on  should r e s u l t  from providing good con t ro l  of the  r e l a t i v e  flow of HC1 
over the  I n  and G a  sources,  and t h i s  p o s s i b i l i t y  w i l l  now be inves t iga ted .  
G a g  a l l o y  samples 
containing about 80 mole percent  GaP are given i n  Tab i e -x 11. 
It may be seen t h a t  these parameters have only a s l i g h t  e f f e c t  on 
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Table I1 
Standard Conditions f o r  Growth of I n  2Ga 8P Alloy Layers 
Gallium Zone 
Indium Zone 
Center Zone 
850 
9 80 
1000 
G a s  
HC1 over indium 
Hydrogen c a r r i e r  gas 
HC1 over gall ium 
Hydrogen c a r r i e r  gas 
Phosphine (100%) 
Hydrogen c a r r i e r  gas 
' 
Flow Rate, 
rnl/min. 
4.0 
300 
0.4 
30 
60 
540 
Gallium Temperatures Composition 
("C) (% Gap) 
900 82.9 
850 79.3 
Table I11 
Ef fec t  of Gallium Zone Temperature on Inl-xGaxP Composition 
770 
650 
78.8 
77.7 
6 
Table I V  
Effect of Indium Zone Temperature on Inl-xGaxP Composition 
Indium Temperature Composition 
("C) ( % GaP ) 
1100 82.6 
9 50 86.5-94.1 
800 90.0 
. 
Table V 
Effect of  Phosphine F l o w  Rates on Inl-xGaxP Composition 
22 
60 
2 90 
81.0 
83.3 
83 .3  
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C. Growth of Gal,xAlxAs Alloys 
A s  reported previously,  Gal-&# a l l o y s  wi th  up to  30 mole percent  
A l A s  have been prepared, bu t  r ep roduc ib i l i t y  has been a problem. 
I n  a n e f f o r t  to improve the  r ep roduc ib i l i t y  of high A l A s  content  Gal,#+s 
a l l o y s  new combinations of gas flow r a t e s , s u b s t r a t e  temperature, aluminum source 
temperature, and a l a r g e r  aluminum source have been examined during t h i s  qua r t e r  
but without success.  
the  l a r g e r  source but  t h i s  i n  tu rn  caused increased a t t a c k  of the  qua r t z  tube 
i n  s p i t e  of  the  use of a heavier  carbon coating. 
carbon f o i l  o r  an alumina p ro tec t ive  l i n e r  wi th in  the  quar tz  tube w i l l  be 
inves t iga ted  to miminize t h i s  a t tack .  
More e f f e c t i v e  t r anspor t  of aluminum w a s  achieved wi th  
Accordingly, the use  of a 
The growth of A ~ A S  has been i n i t i a t e d  using the  single-metal-source quar tz  
growth tube (carbon coated f o r  the  growth of A ~ A S )  used previously f o r  the  pre-  
pa ra t ion  of G a A s ,  i n  conjunction with the  l a r g e r  aluminum source. Good t r ans -  
p o r t  of aluminum was  observed, as with the a l l o y  tube, and depos i t s  judged t o  
be A l A s  from t h e i r  brown color  have been obtained on G a ~ s  u b s t r a t e s  a t  growth 
temperatures between 800 and 94OOC. Thermal decomposition of t he  s u b s t r a t e  a t  
the  higher temperatures is  avoided by the use of a higher  a r s i n e  flow rate. 
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111. CONCLUSIONS AND RECOMMENDATIONS 
Some success was  achieved with Ge-doping of GaN to  prepare p-type con- 
ducting material. However, the layers  are non-uniform and d i f f i c u l t  to 
reproduce probably because of the high inherent  donor concentrat ion i n  
the  GaN. 
The rap id  d i f fus ion  of Zn from the p-type Inl-xGaxP a l l o y  l aye r  i n t o  
Also, a b e t t e r  understanding of 
t he  G a A s  subs t r a t e  can be el iminated by optimizing the dopant concentra- 
t ions  i n  the  p- and n-type a l l o y  layers .  
the e f f e c t  of process va r i ab le s  on the Inl, GaxP a l l o y  composition and 
the growth of Gal, AlxAs has been reached &at w i l l  be usefu l  i n  pre-  
paring improved a l foy  layers .  
During the next quar te r ,  work w i l l  be i n i t i a t e d  on the growth of 
Inl-&axN a l l o y  layers .  
of Inl-xGaxP, Gal_xA1xAs, and A 1  A s  layers .  
I n  addi t ion ,  work w i l l  continue on the  growth 
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IV.  NEW TECHNOLOGY APPENDIX 
A. T i t l e :  Ge-Acceptor Doping of S ingle  Crys ta l  GaN 
Page Reference: 3, 4 
Comments: The prepara t ion  of p-n junct ion s t r u c t u r e s  i n  GaN requi res  
t h a t  the  high inherent  n-type impur i t ies  be compensated before  
a conducting p-type sample can be achieved. Conducting p-type 
G a N  has been prepared f o r  the  f i r s t  time by doping with Ge-  
acceptor  impuri t ies .  
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